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ABSTRACT
The production of plastics has reached about 300 million tons globally each
year. The use of energy resources, the health problem and the impacts on the
environment from its disposal phase trigger overriding concerns on plastic
recycling which can both save energy consumption in production phase and
achieve green end-of-life approach for plastics.
Polystyrene is hardly biodegradable. It takes at least 500 years to
decompose. It is estimated that by volume, it takes as much as thirty percent of
landfills worldwide. It is also flammable subject to risk of accidental ignition and
cause of huge fires. Polystyrene is not recycled because it is usually not cost
effective. The problems with recycling polystyrene are economical and technical.
The start-up costs for a polystyrene recycling plant are enormous and the pay-off,
as of now, is not cost effective.
The main objective of the thesis is to develop a new recycling technology in
order to produce a cost effective product entirely out of waste. Polystyrene waste is
reinforced with fibers whether natural or synthetic to improve its mechanical
properties and hence could be used for different useful applications. The new
products will reduce the detrimental problem of solid waste to the environment as
well as save energy, natural resources and cost. Finally, an innovative, environment
friendly, cheap and effective yet simple technology is developed to determine the
suitability of polystyrene foam waste fiber reinforced composites techniques
Mechanical properties of plastic composites using polystyrene foam waste
reinforced with synthetic fibers such as fiber glass waste, or natural fibers such as
rice straw have been investigated in this study. The fiber waste (synthetic, or
natural) was mixed with the polystyrene waste at four weight ratios of 20,30,40,
and 50% for the experiments. Samples were prepared using indirect heating and
hydraulic press then mechanical properties were evaluated including tensile,
flexural, compression and abrasion. The obtained results indicated that the
mechanical properties of the synthetic fiber composites were higher than the
natural fiber reinforced composites. The best synthetic fiber content was 30 wt.%.
The tensile strength was increased by 102 % , the flexural by 54 % , the
ii

compression strength by 19 % and abrasion wear better than the properties of the
polystyrene waste without reinforcement.
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CHAPTER 1
INTRODUCTION
1.1 Plastics
The industrial scale production of plastics since the 1940s has transformed
our everyday life (Al-Salem, Lettieri and Baeyens 2009). Given the versatile
properties of plastics, such as it being inexpensive, lightweight, durable and strong,
the production and usage of plastics has increased sharply ever since 1950
(Thompson, et al. 2009).

Figure 1: Global plastic production (Mt) with historical stages [Thompson, et al.
2009]

1

In 2007, the production of plastics had reached 260 million tons per year all
over the world and the turnover of European plastic industry had been in excess of
300 million euros with employment of 1.6 million people (Plastics Europe 2008).
During the “plastic age”, plasticshave been substantially involved in all aspects of
daily life and have been considerably spreading their application potentials in
scientific and medical advances (Thompson, et al. 2009) (Figure 1).
Within a world of growing population and welfare, the plastics industry has
been strongly expanding. In 2011, 265 million tons of virgin plastics were
produced worldwide, of which 57 million tons were produced in Europe.
Approximately 39% of these plastics were used for packaging. The majority of
plastic packaging is designed for single-use and is usually discarded after a short
lifetime. Plastic packaging waste is worldwide predominantly disposed via landfill.
There are two types of plastics: thermoplastics and thermosetting polymers.
Thermoplastics are the plastics that do not undergo chemical change in their
composition when heated and can be molded again and again. Examples include
polyethylene, polypropylene, polystyrene, polyvinyl chloride, and polytetrafluoroethylene (PTFE). Common thermoplastics range from 20,000 to 500,000 amu,
while thermosets are assumed to have infinite molecular weight. These chains are
made up of many repeating molecular units, known as repeat units, derived
from monomers; each polymer chain will have several thousand repeating units.
Thermosets can melt and take shape once; after they have solidified, they
stay solid. In the thermosetting process, a chemical reaction occurs that is
irreversible. The vulcanization of rubber is a thermosetting process. Before heating
with sulfur, the polyisoprene is a tacky, slightly runny material, but after
vulcanization the product is rigid and non-tacky.
However, plastics, as materials, are generating environmental and health
problems considerably. One disadvantage is that plastic production relies heavily
on the use of finite resources—fossil fuels. With the increasing demand of plastics
around the world, huge amount of finite energy resources will be used up rapidly in
current linear consumption of fossil fuels, “from oil to waste via plastics”
(Thompson, et al. 2009). In addition, additives used to mix polymer resins and
optimize the performance of materials are the cause of concerns on health issues.
2

On the one side, the toxicity of some additive chemicals may have negative effects
in animal or human populations; on the other side, mixed polymers are much more
difficult and complicated to recycle than products made of a single polymer
(Hopewell, Dvorak and Kosior 2009).
Another crucial problem comes from the end-of–life phase of plastic
materials. Considerable “contaminates a wide accumulation of plastic wastes in the
natural environment and in landfills range of natural terrestrial, freshwater and
marine habitats, with newspaper accounts of plastic debris on even some of the
highest mountains (Thompson, et al. 2009). In terms of marine environment, the
buoyant nature of plastics makes substantial quantities of cartons, bottles and bags
floating on the sea surface. In addition to the visual disturbance, it also causes
extremely high incidence of ingestion and entanglement by marine life (R.
Thompson, et al. 2005, Cole, et al. 2011). To step further, there is speculation on
the transferable potential of toxic chemicals from plastics in the food chain
(Holmes, Turner, and Thompson 2012). Secondly, Landfill of plastic waste also
attracts most attention. On the one side, landfill requires large area of land and
causes aesthetic problems. On the other side, it is also under the risk that leachate
of hazardouschemicals may lead to inadvertent soils contamination and be carried
into streams, rivers and ultimately the sea (European Commission DG ENV 2011).

1.2 Polystyrene Production
Global market for styrene was estimated around 11 million metric tonnes
per year.( ICIS, 2007) Egypt’s production capacity is 200,000 metric tonnes.
Polystyrene is a nonrenewable product that is depleting the Earth’s limited
resources and has become a challenge to deal with. Recycling of EPS foam is not
economically viable due to the high cost in hauling the lightweight and high
volume waste to the recyclers as well as a lack of a market for the foam material.
Ren (2003) states that cost associated with cleaning the highly contaminated food
ware is a challenge. Not only is EPS not biodegradable, but because of its recycling
challenges a significant amount ends up in the landfill. According to a study by
California Integrated Waste Management Board (2004) an estimated 300,000 tons
of PS was land-filled, with a total disposal cost of $30 million and only 0.2%
3

actually recycled. Polystyrene is not only a challenge for waste management but
can be a threat to public health.

1.3 Expanded Polystyrene (EPS)
Polystyrene is a form of plastic derived from fossil fuels. Polystyrene’s
major types are extruded, molded, and expanded polystyrene (EPS). Extruded PS
includes agricultural trays, clamshells and meat trays. Molded PS products include
compact disc jewel cases and flatware. EPS includes various foam to-go food ware
containers (cups, clamshells, and plates), packaging for electronics, and loose-fill
packaging “peanuts”. EPS is commonly known as Styrofoam (CIWMB, 2004).

1.3.1 Importance of Expanded Polystyrene
EPS has become an alternative to traditional plastic commodity and it is an
eco friendly polymer. There are two types of polystyrene mainly solid PS and the
EPS. The solid PS such as coffee cups can recycle and synthesis its properties to
original resin, which can be used for other application such as videocassette cases
and office equipment (Maharana et al., 2007). National Polystyrene Recycling
Company had revealed that the PS foam egg cartons can be recycling into so many
times.
EPS also good in packaging product having shock absorbing properties, low
cost and ease of processing(International Trade Center UNCTAD/WTO). EPS also
being used as insulating materials in construction building material due to its
characteristic which having long term compressive stress (Gnip et al., 2008). This
phenomenon can develop more reliable models for predicting creep strain
development by extrapolation and consistency. As been stated by Doroudiani and
Omidian, 2010, EPS is an attractive material because of low in material usage, less
costly during installation, good performance and resist to moisture. Another
characteristic of EPS it has low value of thermal conductivity. Unmodified EPS
foams have a cellular microstructure with closed cell membranes made of EPS and
its density is typically less than 50kg/m³ ( Kanand Demirboga, 2009).
EPS can be recycled until infinity times. Generally there are different grade
of polystyrene. The most common recycling polystyrene had been made with when
4

a single grade of plastics in form of scrap is being process from which it originated.
This process is an independent recycler and the processing is cheaper replacement
compare to the virgin material (Drain et al., 1981).

1.3.2 Applications of Expanded Polystyrene (EPS)
For years, polystyrene has been used for many applications. Some common
applications include using polystyrene to make containers, cups, dining utensils and
toys among other things. Another common application is the use of expandable
polystyrene to create loose-fill packing, also commonly known as Polystyrene
peanuts to protect numerous items. (Odian, George 2004)

Figure 2: Examples of polystyrene applications.[ Odian, George 2004 ]

Horvath (1992) classified the applications utilizing EPS geofoam blocks by
“their function”. The four functions of EPS geofoam are lightweight fill,
compressible inclusion, thermal insulation and small amplitude wave damping
(ground vibration and acoustic). Horvath (1999b) add two more functions, drainage
and structural. Another way to classify the applications is by engineering
properties. Five EPS geofoam properties appear to be very useful when utilizing
EPS geofoam. These properties are: density, compressibility, thermal resistance,
vibration damping and self-supporting nature of the EPS geofoam. These properties
can solve many important engineering problems such as settlement problems, slope
stability problems and bearing capacity problems. Conventional geotechnical
solutions for such problems (e.g., deep foundations, sheet piles, retaining walls or
other solutions) may be economically unfeasible. Table 1 shows selected
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engineering applications and the corresponding EPS geofoam function to be
utilized. The following concepts and schematic design figures are proposed to
illustrate some of these applications and examples of actual installations.
Table 1: Selected EPS Geofoam Applications(Horvath 1992)
Application
Density
Slope
X
Stabilization
Embankments
X
Bridge
X
Approaches
Earth
Retaining
X
Structures
Bridge
X
Abutments
Buried Pipes
Flood Control
X
Levees
Landscape
X
Architectural
Plaza Decks
X
Basement
Insulation
Railways

Compressibility Damping

Insulation

X

Cohesion

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X
X
X
X
X
X

X

X

Slope Stabilization Geofoam can be utilized in slope stabilization as shown
in figure 3. To re-duce the tendency of failure of portion of the soil the crest of the
slope is excavated and replaced by the super lightweight material EPS geofoam.
Alternative solutions may require the changing of the slope inclination, buttressing
the toe of the embankment using soil nailing or any other solution that may affect
the geometry of the slope or the surrounding land or may not be feasible for many
reasons. In Japan a road embankment on a steep hillside was constructed using
1834 cubic meter of EPS geofoam. The EPS was utilized in a section of the road of
about 104 m long (Suzuki et. al., 1996). The total cost of stabilization efforts was
reduced as a result of adopting EPS. The construction time was also reduced in this
project. In Colorado, a 61m section of US highway 160 failed and caused the eastbound lane of this heavily traveled highway to close. A 648 cubic meters of EPS
geofoam was utilized as fill in the crest of the slope to increase the factor of safety.
The total cost of the project was $160,000, which was much less than the
6

$1,000,000 cost of the alternative a retaining wall solution (Yeh and Gilmore,
1989).

Figure 3: Slope Stabilization Utilizing EPS Geofoam [Suzuki et. al., 1996]

In 1994 EPS geofoam was utilized for construction of a 21m embankment
for an emergency truck escape ramp in Hawaii (Mimura and Kimura, 1995). The
project was originally designed as an earth fill embankment with extensive
geotextile reinforcement and wick drains to overcome stability problems and to
reduce settlement. During construction, actual subsurface conditions were observed
to be worse than expected. About 13,500 cubic meters of geofoam was used as
lightweight fill to replace the earthen embankment. A segment of County Truck
Highway “A” located within a remote region in Wisconsin required continuous
maintenance of the pavement due to a creep landslide (Reuter, 2000). The slope
was 4.9m height at a 14 degree angle with the horizontal. A well-defined scarp
developed within the asphalt despite the frequent patching of the pavement.
Instrumentation helped in defining a deep-seated slip surface, which was slowly
creeping down slope. Replacing the soil in the slide mass with compacted granular
fill was rejected as a solution. As this approach would have meant temporarily
closing the highway and excavation would have to extend below the water table in
order to reach the deep sliding surface. It was decided to reduce the up slope
driving force of the slide by excavating the embankment fill from the head of the
slide and replacing it with lightweight fill polystyrene geofoam. Both Extruded
Polystyrene and type II Expanded Polystyrene were used. To reach a factor of
7

safety of 1.5 three layers of 0.81m thick geofoam each of 7.3m width was required.
In New York, expanded polystyrene geofoam blocks were utilized to treat an
unstable roadway embankment slope involving clayey soil (Jutkofsky, et al., 2000).
The selection of the geofoam treatment was based upon its constructability and
mini-mal impact to both the environment and adjacent homeowners. Potential
traffic safety problems associated with differential icing of roadways from the
presence of geofoam blocks beneath pavements was minimized by using a thicker
subbase layer in the geo-foam treated area. Data from an instrumentation program
consisting of an inclinometer, extensometers and thermistors showed that the use of
geofoam to reduce the driving force of a slope has stabilized the slope. No slope
movement has occurred since the treatment was completed in 1996.
Reducing Lateral Pressure on Retaining Structures EPS Geofoam can
be placed between the retaining structure and the soil. Two main geofoam
configurations are used as shown in figure 4.

Figure 4: Lateral Stress Reduction Utilizing EPS Geofoam [Matsuda et. al., 1996]

To reduce the static earth pressure acting behind a 14 m height abutment
during and after construction of the backfill and the dynamic earth pressure due to
earth-quakes and traffic loads after the construction; 0.5m strip of EPS geofoam
was utilized as a cushion between the abutment and the backfill (Matsuda et. al.,
1996). Finite element analysis, showed 85% reduction in the overall bending
moment during rolling compaction when utilizing 12kg/m3 EPS geofoam. The
20kg/m3 geofoam showed 70% reduction compared with the case of no geofoam.
The geofoam blocks configuration is utilized in portions of the basement wall in
the Syracuse Mall (Sun, 1997).
8

Embankment Fill to Reduce Settlement Figure 5 shows a situation of
constructing a new embankment on soft ground. In such a case large settlement can
be experienced under the load of the conventional embankment fill. Also, soil may
take years to achieve its full settlement. Any existing utility line will be damaged if
it is not designed for large deflections. By excavating part of the soil and placing
geofoam to reach the required embankment's height and placing the pavement
structure on the top of the geofoam a fast lightweight solution is achieved. Zero net
stress increase is reached if the amount of excavated soil is equal to the weight of
the pavement structure. In the city of Issaquah, Washington (Cole, 2000) predicted
settlement from conventional bridge approach fill of 0.3~ 0.54m. Approximately
1.25-cm settlement was reported after 180 days of utilizing 1822 cubic meters of
EPS geofoam as fill material. In Salt Lake City, Utah, EPS geofoam was utilized as
an embankment fill. The primary use of geofoam is to minimize settlement impacts
to buried utility lines. These utilities were required to be in service during
construction. In areas where conventional borrow is used for backfill, expected
construction settlement of the clayey foundation soils is about 0.5 to 1.0 meter
(UDOT, 1998). This large amount of settlement exceeds almost all strain tolerance
for buried utilities. EPS geofoam reduced the settlement.
EPS was utilized as backfill of a bridge abutment to reduce the settlement of
the approach (Ishihara, et al., 1996a). It was essential to complete the fill work in a
short time, because further settlement may have occurred had conventional fill been
used. A 1040 cubic meter volume of EPS geofoam was used with a height of 9m.
Work was completed in the required time with minimum settlement. A 139m
section of a road in Solbotmoan, Norway experienced significant settlement. The
road was flooded twice each year (Rygg and Sorlie, 1981). Each addition of new
materials to compensate for settlement would cause a further settlement. The rate
of settlement had been large and increasing. The subgrade condition was 5m of
peat. Below the peat there is 13m of soft silty clay. In 1975 the road embankment
was excavated and bark was added up to the ground water level. Foam of height
1.2m to 2.0m was utilized on the top of the bark. For the following five years (until
the time of publishing the paper) the road has been subjected to traffic. The total
settlement varies between 0 and 80mm with a reduced rate of settlement.

9

Figure 5: Settlement Reduction on Utility Pipes Utilizing EPS Geofoam
[Cole, 2000]

Widening Embankments Another embankment application is shown in
figure 6. For a limited right of way, widening of embankments can be easily
achieved utilizing EPS geofoam. As shown in the figure the self-standing property
will reduce the additional space without the need of a retaining wall. However a
fascia wall will be required to protect the geo-foam face.

Figure 6: Widening Embankments Utilizing EPS Geofoam [Cole, 2000 ]

Stress Reduction on Buried Pipes The compressible inclusion of EPS
geofoam may be utilized to reduce loading above rigid conduits (Vaslestad, 1990).
Virtually all conduits can be designed to benefit from the effect of soil arching
(GeoTech, 1999c). Figure 7 shows conduits of different cross sections and how thin
layers of EPS geofoam are placed some 0.5m above the rigid conduit. The main
point is to mobilize arch action for the soil above the foam.

10

Figure 7: Stress Reduction on Pipes Utilizing EPS Geofoam [Vaslestad, 1990 ]

Vaslestad, et al., (1993) reported the results of three tests for concrete
culverts with EPS geofoam placed above them. In the first test the instrumented
culvert was a 1.95m diameter pipe beneath a 14m high rock fill embankment. In the
second test a 1.71m diameter pipe was used beneath a 15m high rock fill. In the
third test a 2 m width box culvert was used beneath 11m of silty clay. Reduction of
the vertical stresses between 30% and 50% of the overburden stresses was reported
in the three tests. Strains in the EPS geofoam were 27 to 42 percent. Use of the
compressible inclusion above rigid culverts in Norway has resulted in cost
reductions of the order of 30% and has made possible the use of concrete pipes
beneath high fills
Decreasing Foundations Depth in Cold Regions Foundations in cold
climate areas are usually placed below the anticipated frost penetration depths.
Basements or crawl spaces are constructed to meet the required foundation depth.
That means extra floor level to construct and more time and more money to spend.
Figure 8 shows an alternative solution where EPS geofoam strips are placed in such
a way to insulate the soil beneath in contact with the foundation. This insulation
system has to surround the building. The wing part of the insulation is utilized to
reduce the excavation depth for placing the geofoam (Negussey, 1997). In 1990, a
180 square meter addition to an aircraft control tower was constructed at Galena,
11

Alaska (Danyluk, 1997). Because of limited resources, a shallow insulated
foundation was specified instead of traditional foundation. In other words, a 0.5m
deep foundation was constructed instead of one at 3.6m depth. Insulation as in
figure 8 was utilized. The wing side was 14.8 m length at a depth of 0.65m. The
insulation utilizes heat from the building and surrounding soil, redirects it to the
area around the foundation and thus reduces the frost penetration. Instrumentation
was utilized to measure the temperature at various points. Results show the
effectiveness of the insulation system, which was geofoam but not EPS.

Figure 8: Building Insulation & Shallower Foundations Utilizing EPS Geofoam
[Negussey, 1997 ]

Pavement and Railway Insulation The cycle of winter freezing and spring
thawing of soil can affect transportation facilities such as roads and railroads. This
is because the ground surface heaves as a result of freezing and settles upon
thawing. Thus the lifetime of the pavement section is reduced. The subgrade is
weakened and this could be of safety concern for road, railways or airfields. The
cross section in figure 9 shows the placement of EPS geofoam layers below a
pavement section.
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Figure 9: Pavement Insulation Utilizing EPS Geofoam [Danyluk, 1997]

Bridge Support Another application (Frydenlund and Aabe, 1996) of EPS
has been as a sup-port foundation for bridge abutments in Norway, as shown in
figure 10. Higher strength EPS geofoam is required with some resultant increase in
cost per unit volume. This solution has been used for both single span bridges with
up to 5m high EPS geofoam fill and also for multi span bridges. In all cases the
EPS material has per-formed satisfactorily with no adverse effects on the bridge.
An example of such application is Lakkeberg Bridge in Norway. It is a single lane
steel bridge with one 36.8m span crossing road E6 close to the Swedish border. The
bridge was built in 1989 directly on top of EPS fills (height equals to 4.5m and 5m
on both sides) as an alternative to placing the bridge on pile foundations. After 10
years of operation field records show that the average deformation is slightly over
1% of the total fill height (Aabe, 2000).

Figure 10: EPS Geofoam Bridge Abutments [Frydenlund and Aabe, 1996]
13

Compressible Inclusion Against Expansive Soil Another application for
utilizing EPS geofoam is to use it as a compressible inclusion adjacent to a
structural element when it is in contact with expansive soil (Horvath 1996).
Expansive soils or swelling soils are those soils that have the tendency to increase
in volume when water is available and to decrease in volume if water is removed
(Ranjan and Rao, 1993). Figure 11 shows part of a structure on pile foundations.
The compressible inclusion EPS geofoam is utilized below the structural slab.
Upon soil heave EPS geofoam compresses according to its own stress strain
relation. The stresses on the structural slab will be limited to a specified value
depending on the density of the EPS geofoam. The geofoam will also act as a form
for the slab.

Figure 11: Soil Expansion Stress Reduction Utilizing EPS Geofoam [Ranjan and
Rao, 1993 ]

On the Channel Tunnel project in England EPS geofoam was utilized as a
compressible inclusion (Horvath, 1995a). The purpose of utilizing EPS geofoam
was to reduce heave pressure below the floor system of the channel tunnel.
Reducing Differential Settlement In Syracuse, New York, 28,000 cubic
meters of EPS geofoam are placed next to outside perimeter of the basement of the
Carousel Mall (Stewart, et al, 1994). The purpose of utilizing the rectangular cross
section collar of EPS geofoam is to reduce the settlement of the edge of the
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structure. Since it was necessary to raise grades up to 2.7m around the edge of the
65,000 square meter load compensated mat foundation structure over a deep soft
soil, there would be a significant and abrupt changes in stress at the subgrade level
at the mat edge had traditional fill is used
Concrete Forms EPS was utilized as buried form for a large concrete
abutment (Yoshihara and Kawasaki, 1996). The traditional and alternative method
to build such abutment is to use a sand form and the concrete was than placed.
Finally the sand has to be with-drawn using a sand pump and the hole provided in
the footing was filled with concrete to complete the structure. Saving construction
time as a result of reduced material and labor required for form was one of the
advantages of using geofoam instead of sand or wood forms. Another application
for EPS as a concrete form is reported by Miyamoto, et. al. 1996. Continuous
footings made of EPS geofoam forms are studied. A shortened construction period,
heat retention improvement and work saving was achieved.
Reducing Lateral Soil Flow on Existing Deep Foundations Another
application is reported by Wano, et al., (1996). A bridge abutment was constructed
on soft ground utilizing EPS. The purpose is to reduce the lateral soil flow and the
horizontal movement of the bridge substructure. Field observation over a
considerable period of time showed that the horizontal movement of the bridge
sub-structure had essentially stopped and was stable. In Japan, 11,000 cubic meter
of EPS geofoam are utilized as a lightweight fill nearby a pile foundation (Ishihara
et al., 1996b). The soil layer to a depth of 30m was very soft. The 0.6m diameter
piles with a 55m length are likely to be severely dam-aged resulting from lateral
flow caused by the weak subsoil upon utilizing conventional fill. A 2000 cubic
meter of EPS geofoam was utilized in a similar application on a soft ground. EPS
backfilling of the abutment on the Moriyama tollgate side of Grand Lake Biwa
Bridge is utilized to reduce lateral displacement on pile foundations (Nishimura,
1996).
Stress Reduction on Buried Structures In Tokyo, Japan, a pedestrian
150m long and 5m width access link was constructed to span an elevation
difference of 8m (Nishizawa, 1996). The access link exists over an existing
structure, which restricted the load both during and after construction. Disturbance
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to local residents had to be taken into account by reducing both the construction
time and the noise during construction. 1430 cubic meter of EPS geofoam was
utilized in this project.
Shallow Foundations EPS geofoam was utilized in the foundations of an
emergency staircase of an overpass (Ojima, et al., 1996). The ground at the site
contains a layer of soft clay. Deep foundation was restricted by the existence of a
four-meter diameter sewer pipe below the footing of the staircase. Load
compensated foundation was the solution by utilizing 3m height of foam directly
below the footing. No extra settlement occurred of the utility line occurred.
Load Bearing Walls EPS geofoam is utilized in manufacturing loadbearing walls. EPS is used as the core of panels with oriented strand boards being
the face of the panel (R-control, 1999c).
Frost Shielding for Buried Conduits In climates that experience freezing
temperatures, water and sewer pipes are normally buried below the depth of
maximum frost. A shallower trench is desirable in many situations. Frost shielding
methodology is the technique of placing insulation in some configuration around a
pipe to protect the pipe from freezing (Coutermarsh and Carbee, 1998,
Coutermarsh, 1997). Savings in time and money afforded by de-creased burial
depth balance the increased cost of insulation and the time to install it.

1.4 Objective
Polystyrene wastes are a major environmental concern that needs to be dealt
with to minimize the amount of municipal solid waste, depletion of natural
resources and enhancing the sustainability concept for future generations as well as
reducing the hazardous risks and environmental impacts of polystyrene wastes. As
a consequence, the purpose of this study is to develop an innovative simple
recycling technology for utilizing polystyrene waste to a new product. Moreover,
enhancing the properties of recycled polystyrene waste by adding natural fibers
such as rice straw or synthetic fibers such as fiberglass will be investigated.
The mechanical properties of the composites made of Polystyrene wastes
reinforced with fiber glass or rice straw will be studied including flexural, tensile
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stress, compressive and abrasive properties. The composites made of polystyrene
waste with fiber glass or rice straw will be compared to observe the effect of
reinforcement on the mechanical properties of the composite.
The proposed recycling technology will be investigated using the produced
composite to develop a new product that could replace natural wood with different
applications such as picnic tables, park benches, landscaping timbers.
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CHAPTER 2
LITERATURE REVIEW
2.1 Plastics Recycling
In the United States 75 billion pounds of plastic are produced every year,
unfortunately the majority of this plastic ends up in landfills. When plastic is
dumped into landfills the decomposition process can take anywhere from 10 to 30
years. Recycling has therefore become a reasonable solution to the landfill problem
(Thompson, et al. 2009).
There are five factors that are necessary in order for the recycling of plastic
to be a successful process. First, the supply of used plastic has to be of a large
quantity. This large quantity of plastic is collected at certain areas, which is the
second step. Once the plastic is collected, the sorting and separating process begins;
this is the third step in the process. The sorting and separating process depends
upon the type of polymers that make up the plastic. Plastic products are given
codes to help the sorting and separating process. The fourth step in plastic recycling
is reprocessing. The reprocessing of polymers includes the melting process, the
melting process can be accomplished if the polymers have not been widely crosslinked with any synthetics. If the cross-linking of polymers contain too many
synthetics, the polymers will be difficult to stretch and less pliable. The final step is
the manufacturing of the melted plastic into new products. (Hopewell, Dvorak and
Kosior 2009)
The codes on plastic recyclable containers are what help most in the sorting
and separating process. The six categories of plastics are separated into two areas:
polyethelyne plastics and polymer plastics. The polyethelyne plastics are labeled
HDPE, for high density polyethelyne; or LDPE, for low density polyethelyne. The
four polymer plastics that are recycled include polyvinyl chloride, labeled PVC;
polystyrene, labeled PS; polypropylene, labeled PP; and polyethylene terephthalate,
labeled PET. These names and labels can seem confusing, but they are a necessity
in the recycling process.
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There are four types of recycling processes that usually occur: primary,
secondary, tertiary, and quaternary. The primary recycling process is recycling
materials and products that contain similar features of the original product. This
process is only feasible with semi-clean industrial scrap plastics, therefore this
process is not widely used. Secondary recycling allows for a higher mixture of
combination levels in plastics. When the secondary process of recycling is used it
creates products such as fence posts and any products that can be used in the
substitution of wood, concrete, and metal. The low mechanical properties of these
types of plastics are the reason why the above products are created. Tertiary
recycling is occurring more and more today because of the need to adapt to the
high levels of waste contamination. The actual process involves producing basic
chemicals and fuels from plastic. The last form of recycling is the quarternary
process. This quarternary process uses the energy from plastic by burning. This
process is the most common and widely used in recycling. The reason this process
is widely used is because of the high heat content of most plastics. Most
incinerators used in the process can reach temperatures as high as 900 to 1000
degrees Celsius. For the sake of the environment the new techniques being used
with the incinerators have decreased the amount of air pollutants being released.
The use of incineration in the quarternary process is most beneficial because
through the high temperature heating process the incoming waste is reduced by
80% in weight and 90% in volume. The materials left over from this process are
then placed in landfills. (Lotfi Ahmed)
Terminology for plastics recycling includes a wide range of recycling and
recovery activities (table 2). These include four categories: primary (mechanical
reprocessing into a product with equivalent properties), secondary (mechanical
reprocessing into products requiring lower properties), tertiary (recovery of
chemical constituents) and quaternary (recovery of energy). Primary recycling is
often referred to as closed-loop recycling, and secondary recycling as downgrading.
Tertiary recycling is either described as chemical or feedstock recycling and
applies when the polymer is de-polymerized to its chemical constituents (Fisher
2003). Quaternary recycling is energy recovery, energy from waste or valorization.
Biodegradable plastics can also be composted, and this is a further example of
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tertiary recycling, and is also described as organic or biological recycling (see Song
et al. 2009).
Table 2: Terminology used in different types of plastics recycling and recovery.
[Fisher 2003]
ASTM D5033
definitions
primary recycling
secondary recycling
tertiary recycling
quaternary recycling

equivalent ISO 15270 (draft)
definitions
mechanical recycling
mechanical recycling
chemical recycling
energy recovery

other equivalent
terms
closed-loop recycling
downgrading
feedstock recycling
valorization

It is possible in theory to closed-loop recycle most thermoplastics, however,
plastic packaging frequently uses a wide variety of different polymers and other
materials such as metals, paper, pigments, inks and adhesives that increases the
difficulty. Closed-loop recycling is most practical when the polymer constituent
can be (i) effectively separated from sources of contamination and (ii) stabilized
against degradation during reprocessing and subsequent use. Ideally, the plastic
waste stream for reprocessing would also consist of a narrow range of polymer
grades to reduce the difficulty of replacing virgin resin directly. For example, all
PET bottles are made from similar grades of PET suitable for both the bottle
manufacturing process and reprocessing to polyester fiber, while HDPE used for
blow moulding bottles is less-suited to injection moulding applications. As a result,
the only parts of the post-consumer plastic waste stream that have routinely been
recycled in a strictly closed-loop fashion are clear PET bottles and recently in the
UK, HDPE milk bottles. Pre-consumer plastic waste such as industrial packaging is
currently recycled to a greater extent than post-consumer packaging, as it is
relatively pure and available from a smaller number of sources of relatively higher
volume. The volumes of post-consumer waste are, however, up to five times larger
than those generated in commerce and industry (Patel et al. 2000) and so in order to
achieve high overall recycling rates, post-consumer as well as post-industrial waste
need to be collected and recycled.
In some instances recovered plastic that is not suitable for recycling into the
prior application is used to make a new plastic product displacing all, or a
proportion of virgin polymer resin—this can also be considered as primary
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recycling. Examples are plastic crates and bins manufactured from HDPE
recovered from milk bottles, and PET fibre from recovered PET packaging.
Downgrading is a term sometimes used for recycling when recovered plastic is put
into an application that would not typically use virgin polymer—e.g. ‘plastic
lumber’ as an alternative to higher cost/shorter lifetime timber, this is secondary
recycling (ASTM Standard D5033).
Chemical or feedstock recycling has the advantage of recovering the
petrochemical constituents of the polymer, which can then be used to remanufacture plastic or to make other synthetic chemicals. However, while
technically feasible it has generally been found to be uneconomic without
significant subsidies because of the low price of petrochemical feedstock compared
with the plant and process costs incurred to produce monomers from waste plastic
(Patel et al. 2000). This is not surprising as it is effectively reversing the energyintensive polymerization previously carried out during plastic manufacture.
Feedstock recycling of polyolefins through thermal-cracking has been
performed in the UK through a facility initially built by BP and in Germany by
BASF. However, the latter plant was closed in 1999 (Aguadoet al. 2007). Chemical
recycling of PET has been more successful, as de-polymerization under milder
conditions is possible. PET resin can be broken down by glycolysis, methanolysis
or hydrolysis, for example to make unsaturated polyester resins (Sinha et al. 2008).
It can also be converted back into PET, either after de-polymerization, or by simply
re-feeding the PET flake into the polymerization reactor, this can also remove
volatile contaminants as the reaction occurs under high temperature and vacuum
(UhdeInventa-Fischer 2007).

2.1.1 The Problem with Plastics Recycling
When glass, paper and cans are recycled, they become similar products
which can be used and recycled over and over again. With plastics recycling,
however, there is usually only a single re-use. Most bottles and jugs don't become
food and beverage containers again. For example, pop bottles might become carpet
or stuffing for sleeping bags. Milk jugs are often made into plastic lumber,
recycling bins, and toys. A recent development has been the bottles-to-bottles
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recycling of "regenerated" pop bottles. Though it is technologically possible to
make a 100% recycled bottle, there are serious economic questions. Also, some
critics claim that the environmental impact of the regeneration process is quite high
in terms of energy use and hazardous by-products. Currently only about 3.5% of all
plastics generated is recycled compared to 34% of paper, 22% of glass and 30% of
metals. At this time, plastics recycling only minimally reduces the amount of virgin
resources used to make plastics. Recycling papers, glass and metal, materials that
are easily recycled more than once, saves far more energy and resources than are
saved with plastics recycling. Sorting of plastics is expensive and time consuming.
Plastics also are bulky and cumbersome to collect. In short, they take up a lot of
space in recycling trucks. (Lotfi & Ahmed 2013)

Figure 12: A projection of post-consumer plastic waste is shown for different
sectors in the year 2000.[ Lotfi & Ahmed 2013]

Plastic materials can be recycled in a variety of ways and the ease of
recycling varies among polymer type, package design and product type. For
example, rigid containers consisting of a single polymer are simpler and more
economic to recycle than multi-layer and multi-component packages.
Thermoplastics, including PET, PE and PP all have high potential to be
mechanically recycled. Thermosetting polymers such as unsaturated polyester or
epoxy resin cannot be mechanically recycled, except to be potentially re-used as
filler materials once they have been size-reduced or pulverized to fine particles or
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powders (Rebeiz& Craft 1995). This is because thermoset plastics are permanently
cross-linked in manufacture, and therefore cannot be re-melted and re-formed.
Recycling of cross-linked rubber from car tyres back to rubber crumb for remanufacture into other products does occur and this is expected to grow owing to
the EU Directive on Landfill of Waste (1999/31/EC), which bans the landfill of
tyres and tyre waste.
A major challenge for producing recycled resins from plastic wastes is that
most different plastic types are not compatible with each other because of inherent
immiscibility at the molecular level, and differences in processing requirements at a
macro-scale. For example, a small amount of PVC contaminant present in a PET
recycle stream will degrade the recycled PET resin owing to evolution of
hydrochloric acid gas from the PVC at a higher temperature required to melt and
reprocess PET. Conversely, PET in a PVC recycle stream will form solid lumps of
undispersed crystalline PET, which significantly reduces the value of the recycled
material.
Hence, it is often not technically feasible to add recovered plastic to virgin
polymer without decreasing at least some quality attributes of the virgin plastic
such as colour, clarity or mechanical properties such as impact strength. Most uses
of recycled resin either blend the recycled resin with virgin resin—often done with
polyolefin films for non-critical applications such as refuse bags, and non-pressurerated irrigation or drainage pipes, or for use in multi-layer applications, where the
recycled resin is sandwiched between surface layers of virgin resin.
The ability to substitute recycled plastic for virgin polymer generally
depends on the purity of the recovered plastic feed and the property requirements
of the plastic product to be made. This has led to current recycling schemes for
post-consumer waste that concentrate on the most easily separated packages, such
as PET soft-drink and water bottles and HDPE milk bottles, which can be
positively identified and sorted out of a co-mingled waste stream. Conversely, there
is limited recycling of multi-layer/multi-component articles because these result in
contamination between polymer types. Post-consumer recycling therefore
comprises of several key steps: collection, sorting, cleaning, size reduction and
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separation, and/or compatibilization to reduce contamination by incompatible
polymers.

2.1.2 Current advances in plastic recycling
Innovations in recycling technologies over the last decade include
increasingly reliable detectors and sophisticated decision and recognition software
that collectively increase the accuracy and productivity of automatic sorting—for
example current Fourier Transform Near Infrared (FT-NIR) detectors can operate
for up to 8000 h between faults in the detectors.
Another area of innovation has been in finding higher value applications for
recycled polymers in closed-loop processes, which can directly replace virgin
polymer (see table 3). As an example, in the UK, since 2005 most PET sheet for
thermoforming contains 50–70% recycled PET (rPET) through use of A/B/A layer
sheet where the outer layers (A) are food-contact-approved virgin resin, and the
inner layer (B) is rPET. Food-grade rPET is also now widely available in the
market for direct food contact because of the development of ‘super-clean’ grades.
These only have slight deterioration in clarity from virgin PET, and are being used
at 30–50% replacement of virgin PET in many applications and at 100 per cent of
the material in some bottles.
Table 3: Comparing some environmental impacts of commodity polymer
production and current ability for recycling from post-consumer
sources.[ WRAP 2008b]
LCI data cradle-to-gate (EU data)

polymer energy
(GJ
tonne−1)

water
CO2-ea Usageb
closed(kL
(t
(ktonne) loop
tonne−1) tonne−1)
recycling

PET

82.7

66

3.4

2160

yes

HDPE

76.7

32

1.9

5468

some

effectiveness in
current
recycling
processes
high with clear
PET from bottles
coloured PET is
mostly used for
fibre
additional issues
with CPET trays,
PET-G
high with natural
HDPE bottles,
but more
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PVC

56.7

46

1.9

6509

some

LDPE

78.1

47

2.1

7899

some

PP

73.4

43

2.0

7779

in theory

PS

87.4

140

3.4

2600

in theory

complex for
opaque bottles
and trays because
of wide variety of
grades and colour
and mixtures with
LDPE and PP
poor recovery
because of crosscontamination
with PET
PVC packages
and labels present
a major issue
with PET bottle
and mixed
plastics recycling
poor recovery
rates, mostly as
mixed polyolefins
that can have
sufficient
properties for
some
applications.
Most postconsumer flexible
packaging not
recovered
not widely
recycled yet from
post-consumer,
but has potential.
Needs action on
sorting and
separation, plus
development of
further outlets for
recycled PP
poor, extremely
difficult to costeffectively
separate from comingled
collection,
separate
collection of
industrial
packaging and
EPS foam can be
effective
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recycled
plastics

8–55

typical
3.5c

typical
1.4

3130

some

considerable
variability in
energy, water and
emissions from
recycling
processes as it is
a developing
industry and
affected by
efficiency of
collection,
process type and
product mix, etc.

A number of European countries including Germany, Austria, Norway, Italy
and Spain are already collecting, in addition to their bottle streams, rigid packaging
such as trays, tubs and pots as well as limited amounts of post-consumer flexible
packaging such as films and wrappers. Recycling of this non-bottle packaging has
become possible because of improvements in sorting and washing technologies and
emerging markets for the recyclates. In the UK, the Waste Resource Action
Programme (WRAP) has run an initial study of mixed plastics recycling and is now
taking this to full-scale validation (WRAP 2008b). The potential benefits of mixed
plastics recycling in terms of resource efficiency, diversion from landfill and
emission savings, are very high when one considers the fact that in the UK it is
estimated that there is over one million tonne per annum of non-bottle plastic
packaging (WRAP 2008a) in comparison with 525 000 tonnes of plastic bottle
waste (WRAP 2007).

2.2 Polystyrene Recycling
Basically, the EPS from packaging is white in material and it has two types
mainly clean post consumer or dirty post consumer. The other polystyrene
materials are serving school trays, polystyrene cups, plates and bowls, packaging
used to protect electronic and computers, egg cartons, and small packaging of
peanuts.
Study revealed by Naguchi et al., 1998, there are three methods used to
recycling the EPS. Mechanical recycling usually requires the combination of high
temperatures & shear stresses (energy consumption).
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Chemical recycling usually requires depolymerisation of the recycle
material through solvolysis and thermal catalytic (Melo et al., 2009).
In this research, we only focus on the mechanical recycling. It is preferable
due to the optimization of energy and minimizing gases emission that can
contribute towards global warming (Finnveden et al., 2005).It is also simple and
low in cost technique. Vilaplana and Karlsson, 2008 added that mechanical
recycling is relatively clean and homogeneous plastic waste stream. Acierno et al.,
2010 added that after the separation is being made, EPS can use different ways:
i.

Mechanically recycled and used as filler for moulding of new EPS Products.

ii.

Ground in chunks and used as aggregate for the production of light mortars
and concrete.

iii.

Transform into compact polystyrene (PS) then extruded.

iv.

Chemically recycled to produce styrene and other organic products.

Table 4: Drawback and improvement towards Recycling the Expanded
Polystyrene [Acierno et al., 2010]
No

Drawback of
recycling
EPS
Failure of
strength and
appearance at
the surface of
wall

Literature Review

Description

Improvement

Teoet al., (1997)
stated more than
50% of the
roughness of the
surface and the
strength decreases
with the increment
of mixing recycled
product and virgin

During the mixing of the virgin
with recycled in pre expansion and
molding stage, the pentane gas is
being impregnated into EPS beads
and causes the virgin to expand.
Unlike for the recycled EPS which
has already break it cells during
grinding process. At this stage very
less pentane gas left hence the
recycle has no longer expand.

2

Low
density

A nearer place needed to recycle
the EPS waste

3

Legislation
for
fire safety

The impact of
transportation
(Acierno et al.,
2010)
Legislation needed
to minimize the
hazard due to the
use
of flammable
materials in

To improve the impact
strength, polybutadiene is
generally added to
polystyrene, in the amount of
5 to 10 % (La Coste et al.,
1998). Another method which
is hope can increase the
strength of EPS is by adding
some additive and natural
fiber as to strengthen the
bonding between each
particle. These has been
proved by Ochi, 2008
the more content of fiber
reinforced the better the
strength of a composite
material.
Hence if we can have the
recycling center nearer with
the production industry will be
the most economical.
One of the patent that has been
discovered by Peterson, 2008
is by coating the PS beads
with relatively low cost,
noncommercial liquid in
tumescent fire retardant. This

1

in

The insulating material having
very low value on thermal inertia
whereby the flammable is
inversely proportional to the
thermal conductivity, density and
heat capacity (Stec and Hull,
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construction
(Diamant, 1986).

4

Flammability

The toxicant under
flammable
conditions most
probably is from
styrene monomer
(Gurman et al.,
2004).

2010).
When the EPS is subjected to high
temperature, the cell walls started
to soften and collapse the cellular
structure which the foam started to
contract.
According to ((Bynum,
2001),(Papadopoulos, 2005) and
(Al-Homoud, 2005)) as cited in
Vaou and Panias, 2010 when the
EPS is subjected to direct sunlight
or temperature higher than 80°C
the EPS started to breaks down
gradually and reacts with common
solvent.
It also gives of the carbon
monoxide (CO), carbon dioxide
(CO2), water and soot (black
smoke) (Doroudiani and Omidian,
2010).

fire resistant also comprises a
binder component such as
methyl cellulose or other glue
or waste resistant material.
Another study revealed that a
safe house is said to be safe
with the mixing of Expanded
Polystyrene foam with
cementations coating (Lee et
al., 2006). They also claim
that during the test the flame
did not spread beyond the
wood orib structural integrity
in spite of heat stresses.
Wang et al., as cited in
Doroudiani&Omidian, 2010,
the reduction in the heat
release rate of PS stabilized
with transition metals halides,
phosphate ester, which acts as
cross linking. This additive
diminishes the mechanical
properties. This research
continued by having effect of
clay improves theflammability
resistance together with the
mechanical properties.

2.2.1 History of Recycling of Polystyrene Foam
One of the leaders in EPS recycling in the U.S.A. is FR International, which
recycled 10.9 million pounds of expanded polystyrene in 2000. The company,
which began PS recycling in 1990, now has five recycling operations in the U.S.A.
and also has a UK subsidiary that recycled over 2.5 million pounds of polystyrene
in 2000
One of the problems in recycling EPS is the very low bulk density of the
material, which makes shipping it over long distance uneconomical. International
Foam Solutions, Inc.(IFS), of Delray, FL, has developed a process that dissolves
EPS in a citrus-based solvent, producing a gel and eliminating 90 percent of the
volume. The "Polygel" is stored in drums and shipped to IFS for processing. An IF
further dilutes gel, filters out contaminants, and produces new PS products.
Contaminant levels are reportedly reduced to less than 1 ppm. In addition to
cushioning materials, the system can successfully recycle PS from food service use.
The company sells or leases its " IFS Solution Machine" to customers and has
several food service operations as customers. Sony Corporation Research Center, in
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Yokohama, Japan, has also developed a solvent- based PS recycling system that
uses d-limonene (Aishatun, 2009).
Another company attempting to use food-service PS is Rasta Technologies,
Inc. It manufacturers wall panels made of recycled PS and cement. In 1999, it
participated in a pilot with a Florida school district to recycle used PS foam lunch
trays. In the early 1990s, five McDonalds restaurants were constructed using the
company's insulated concrete foam (ICF) panels containing recycled PS hamburger
boxes.
Kodak operates a recycling program for PS in disposable camera bodies,
and also recycles film containers. Recovered camera bodies are ground, mixed with
virgin resin, and used in the production of new disposable cameras. The PS internal
frame and chassis of the cameras are recovered intact and reused in new cameras.
The cameras are collected from photofinishers, who are reimbursed for the cameras
they return. The company's program is active in over 20 countries, and achieves a
recycling return rate of over 70 percent in the U.S.A. and approximately 60 percent
worldwide. Kodak reports that by weight an average of 86 percent of Kodak onetime-use cameras are recycled or reused
While there appears to be no commercial use of the system, some years ago,
the Toyo Dynamcompany, in Japan, developed a prototype system for feedstock
recycling of PS in which foam PS was ground and sprayed with styrene monomer
to dissolve it and separate it from contaminants. The solution was then cracked and
vaporized in a heated reflux vessel. In Japan, one of the goals of the Japan
Expanded Polystyrene Recycling Association (JEPSRA) is to increase recycling of
expanded PS. The organization reports that 53.6 percent of EPS in Japan is used in
containers, 32.5 percent in transport packaging, and 13.9 percent in building
materials and civil engineering applications
With a network of more than 1000 recycling sites, Japan achieved a 35
percent recycling rate for EPS in 2000. JEPSRA achieved their goal of 40 percent
rate in 2005. Korea reports a recycling rate of 48.8 percent for EPS in 1999
excluding building insulation and food containers, for a total of 24,371 tons .

The

Canadian Polystyrene Recycling Association (CPRA) reported that more than a
million households in Ontario and Manitoba can recycle polystyrene at the
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curbside. The CPRA recycling plant in Mississauga, Ontario, has a capacity of up
to 3,500 tons of PS a year. It accepts both food service PS and cushioning
materials.

Europe also has some recycling of PS food service items as well as

cushioning. In the UK, the Expanded Polystyrene Packaging Corp. (EPS) reports
that 4,500 tons of expanded polystyrene packaging was recycled in 2000, for a
recycling rate of nearly 15 percent. There was an increase of 10 percent from
previous years. The growth was attributed to interest in wood replacement products
and an increase in the price of virgin PS resin as well as efforts by the group to
develop recycling processes and raise awareness about the potential benefits of
EPS recycling (Aishatun,2009)

2.2.2 What Dissolves Polystyrene?
To understand how chemicals dissolve things, we first need to know that
some molecules are polar, having electrically positive and negative sides, while
nonpolar molecules are electrically neutral. "Like dissolves like" is a phrase
chemists use, meaning polar liquids generally dissolve polar solids, while nonpolar
liquids dissolve nonpolar solids. Gasoline, acetone and a few other nonpolar
organic solventseat through polystyrene, a nonpolar solid.
Benzene
Polystyrene, the plastic used to make polystyrene, contains benzene, a
strong organic solvent. Benzene will dissolve polystyrene. Though benzene is a
hazardous, carcinogenic substance, it is useful as an industrial chemical, helping to
produce plastics, rubbers, detergents and drugs.
Toluene
Toluene, another organic solvent, also dissolves polystyrene. A chemical
cousin of benzene, toluene sees use as paint thinner, an octane booster in gasoline
and a chemical feedstock used to produce other substances. Since it is less toxic,
toluene has replaced benzene in most nonindustrial uses.
Gasoline
The same gasoline you put in your car will dissolve polystyrene, though it
will not dissolve some other plastics, such as polyethylene. Unlike toluene and
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benzene, which are pure substances consisting of a single molecule, many different
compounds go into making gasoline, including hydrocarbons and additives.
Acetone
Acetone, an organic solvent found in nail polish remover, will dissolve
polystyrene. The acetone does not chemically destroy the polystyrene; it simply
causes the tiny bubbles in the foam structure to come apart. The polystyrene
remains, though dissolved in the acetone. If you let the acetone evaporate, it will
leave a clump of solid polystyrene behind.
Dimethyl Sulfoxide
Dimethyl sulfoxide (DMSO), a solvent, quickly breaks down Polystyrene.
DMSO is a by-product of the wood industry that has been used as a commercial
solvent since 1953. It is also used in various pharmaceutical applications.
N-Methyl Pryolidone
N-methyl pyrolidone (NMP) is another solvent that will dissolve
Polystyrene on contact. NMP is used in the manufacturing of products like
pigments, cosmetics, insecticides, herbicides and fungicides, often in place of
chlorinated hydrocarbons.
d-Limonene
d-Limonene is the major component of the oil extracted from citrus rind.
When citrus fruits are juiced, the oil is pressed out of the rind. This oil is separated
from the juice, and distilled to recover certain flavor and fragrance compounds. The
bulk of the oil is left behind and collected. This is food grade d-Limonene. After
the juicing process, the peels are conveyed to a steam extractor. This extracts more
of the oil from the peel. When the steam is condensed, a layer of oil floats on the
surface of the condensed water. This is technical grade d-Limonene.
In the past decade, the use of d-Limonene has expanded tremendously.
Much of the product goes into making paint solids, used to impart an orange
fragrance to products, and used as a secondary cooling fluid. But the largest growth
segment has been the use of d-Limonene in cleaning products. This has occurred in
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both industrial uses and in household/institutional products. d-Limonene can be
used either as a straight solvent, or as a water dilutable product.
As a straight solvent, d-Limonene can replace a wide variety of products,
including mineral spirits, methyl ethyl ketone, acetone, toluene, glycol ethers, and
of course fluorinated and chlorinated organic solvents. As with most organic
solvents, d-Limonene is not water soluble, so it can be used in the typical water
separation units. With a KB value of 67, d-Limonene has solubility properties close
to that of CFC’s, indicating that it is a much better solvent than a typical mineral
spirit. Straight d-Limonene can be used as a wipe cleaner, in a dip bath, or in spray
systems as a direct substitute for most other organic solvents.

2.2.3 Composites from recycled EPS
Since the sixties, scientists have been exerting efforts to replace steel
components with composite materials. The use of composite materials to replace
metallic parts reduces the mass and accompanying stresses especially in the
rotating parts thereby increases the overall life and performance of the equipment.

2.3 Composites
In order to produce polymer composites, synthetic fibers are added to
thermoplastic polymers. During the last decade, plastic composites have gained
extensive applications in construction materials and automobile parts. The synthetic
fibers which are used to reinforce the thermoplastics are basically comprised of
recycled fiber glass HVAC duct insulation wrap fibers. Advantages of using these
fibers in composites are their light weight, high quality, low cost, good mechanical
properties, reduced energy consumption and environmental friendliness (Ziaei et
al., 2012). Polymer-clay nano composites have attracted much attention due to their
improved mechanical, thermal and flammability properties. A great deal of
experiments which have been done recently in laboratory have shown that the
polymer-clay nano composites provide decreased flammability and improved
mechanical properties at a rather small cost. Many types of polymeric resins have
been used to artificially build polymer-clay nanocomposites. (Alexander et al.,
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2002) In fact, nanoclays improve properties of the polymeric composites due to
their special dimensions and great apparent coefficient in comparison with other
fillers (Tjong 2006). Plastic composites are probably one of the most dynamic
segments of today’s plastic industry.
Although this technology is not that much new, there is a growing tendency
to design new possibilities by integration of these materials. Polystyrene (PS) is the
third most used thermoplastic in the world after polyethylene (PE) and
polypropylene (PP). Introduction of wood fibers is a method used to enhance
impact strength of this material due to some of the potential advantages it has.
Therefore, this technique is known as an appropriate candidate for the polymeric
composites armed by fibers (Justo et al., 2007).
Fu and Naguib (2006) in their research on the effect of nanoclay filler on
mechanical properties of composites declared that only 0.5% of montmorillonite
can significantly increase elasticity modulus, tensile strength, flexural strength and
elongation at break for the composite. They however argued that an excessive
addition of the nano particles could reduce their mechanical strength with the
optimal value of addition being 4-5%.Deshmane et al., (2007) in studied
morphological and mechanical properties of polypropylene reinforced with
nanoclay filler. They stated that this filler treatment would enhance mechanical
strength due to formation of strong connection with polymer matrix.
Han et al. (2008) examined the effect of using nanoclay and coupling agent
on mechanical and thermal properties of composites obtained from bamboo fibersheavy polyethylene. Their examinations revealed that flexural elasticity modulus,
dynamic elasticity modulus and crystallinity degree were increased upon addition
of 1% nanoclay, though impact strength of the samples was decreased. X-ray
diffraction (XRD) data confirmed this observation as well since exfoliation
structure is created in the composite. They also declared that all the mechanical
properties were improved by addition of the coupling agent due to the increased
interface area between polymer matrix and filler phase.
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2.4 Fibers
2.4.1 Synthetic Fibers
Synthetic fibers are man-made from fibers, which have been produced
entirely by chemical synthesis from simple basic substances. As compared with
vegetable fibers they are of better uniformity and continuity, have higher breaking
strength and are more resistant to rotting.
The development of synthetic fibers started around 1920 by Staudinger,
winner of the Nobel Prize in chemistry in 1953 (Klust 1982). Staudinger found that
all fibrous material consists of long chain molecules in which a great number of
equal, simple units are linked together. This structure gives the fibrous material the
properties required from a textile fiber. Based on this knowledge, a great deal of
other chemical research has been carried out in recent years to create such fiberforming macromolecules. The most important countries manufacturing manmade
fibers are USA, Japan, Netherlands, Great Britain and France.
Mineral Fibers can be particularly strong because they are formed with a
low number of surface defects.
 Fiberglass, made from specific glass, and optical fiber, made from natural
quartz, are also man-made fibers that come from natural raw materials,
silica fiber, made from sodium silicate( water glass) and basalt fiber made
from melted basalt.
 Carbon fibers are often based on oxidized and carbonized polymers, but the
end product is almost pure carbon.
Polymer Fibers are a subset of man=made fibers, which are based on
synthetic chemicals(often from petrochemical resources) rather than arising from
natural materials by a purely physical process. These fibers are made from :
polyamide nylon, PET or PBT polyester, phenol-formadehyde (PF), polyvinyl
alcohol fiber (PVA), polyvinyl chloride fiber (PVC), Polyolefins(PP and PE)
Microfibers in textiles refer to sub-denier fiber (such as polyster drawn to
0.5 den).Microbibers in technical fibers refer to ultra fine fibers (glass or meltblown thermoplastics) often used in filtration.
Most synthetic fibers are round in cross-section.
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Table 5: Mechanical Properties for Synthetic Fibers [Klust 1982]
Kind of Fiber density (g/cm3) Tenacity (MPa) Modulus GPa
Min

Max

Min

Max

Min

Max

Glass

2,5

2,62

3400

4500

70

70

Carbon

1,76

2,1

2000

7000

240

700

SiC

2,55

3,5

2000

3700

200

420

Oxides

3,9

3,9

1200

1400

340

400

Figure 13: Examples of Fiber Glass HVAC duct insulation sheets

2.4.1.1 Fiber Glass
One of the reinforcing material used in this research is synthetic fiber.
Fiberglass (or fibreglass) (also called glass-reinforced plastic, GRP, glass-fiber
reinforced plastic, or GFRP) is a fiber reinforced polymer made of a plastic matrix
reinforced by fine fibers of glass. It is also known as GFK (for German:
Glasfaserverstärkter Kunststoff).
Fiberglass is a lightweight, extremely strong, and robust material. Its bulk
strength and weight properties are also very favorable when compared to metals,
and it can be easily formed using molding processes.
The plastic matrix may be epoxy, a thermosetting plastic (most often
polyester or vinylester) or thermoplastic.
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Common uses of fiberglass include high performance aircraft (gliders),
boats, automobiles, baths, hot tubs, water tanks, roofing, pipes, cladding, casts,
surfboards and external door skins.

2.4.1.2 Recycling Fiber Glass
The recycling production process includes a series of procedures. First,
fiberglass waste materials are fed into a grinder/shredder and chopped to a flufflike consistency, similar to insulation fiberglass. Next, another processing machine
conditions this fluff material to an even finer state and with an air system cleans the
material as it is placed in a blender tank. This material is then blended with resins
and catalysts. These latter materials saturate and glue the material together. During
the blending process the coloring dyes are added to meet customer color
requirements. Using molds, the blended material is pressed into the final product
form and set for curing. The process is designed to produce products utilizing one
hundred percent recycled materials. However in the event that recycled materials
are in limited supply the process will accept new resins as feedstock.

2.4.2 Natural fibers
One of the reinforcing material used in this research is natural fibers. They
are composites of hollow cellulose fibrils held together by a lignin and
hemicelluloses. Each fibril consists of a thin primary wall around a thick secondary
wall. The secondary wall is made up of three layers and a thick middle layer. This
layer determines the mechanical properties of the fiber. The middle layer consists
of a series of helically wound cellular micro fibrils made of long chain cellulose
molecules (Pickering,2008). The following table (5) shows the properties of several
natural fibers including the rice straw that is the focus of this research. The
properties of rice straw are not the highest rank but it is chosen to help minimizing
the pollution produced by burning rice straw.
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Table 6: Mechanical properties for natural fibers for composite applications
(Pickering, 2008)

Flax
Jute
Sisal
Coir
Oil palm (empty
fruit)
Hemp
Wool
Cotton
Rice straw

Tensile stress
(MPa)
24–80
10–55
9–38
4–6
3.58

Elongation at
break (%)
1.3–10
1.16–8
2–25
14.21–49
9.7–14

Young modulus
(GPa)
300–1500
200–800
80–840
106–175
130–248

30–70
2.3–3.4
5–12.6
27-30

1.6–6
25–35
3–8
9.4–12

310–900
120–174
264–800
69-100

Natural fibers are divided into botanical fibers, chemical and commercial
fibers. The botanical fibers are important constituents of wood. The fiber cells have
very thick walls and they occur in bundles thus closely cemented together. The
chemical fibers consist primarily of nearly pure cellulose, hemi cellulose as flax,
hemp; ramie the cellulose is associated with pectic material, while Jute fibers are
more lignified. High percentage of cellulose in fibers correlates positively with
stress and durability. The commercial fibers are small, thin, slender fragments of
many substances. They can be divided into mineral origin, asbestos, spun glass,
animal origin, wool, silk, hair, feathers and plant origin. The main function of the
fiber is to carry load, provide stiffness, stress, thermal stability and provide
electrical conductivity. Natural fibers are a healthy choice as they provide natural
ventilation and act as insulators against both cold and heat. Coconut fibers have
natural resistance to fungus and mites and hemp fiber has antibacterial properties,
and studies show that linen is the most hygienic textile for hospital bed sheets.
They are also a responsible choice as they are of major economic importance to
many developing countries and also they have a safe handling and non abrasive.
They are a sustainable choice as they are a renewable resource. They are carbon
neutral which decrease pollution by decreasing release of carbon. Moreover
processing produces residues that can be used in bio composites for building
houses or to generate electricity. They are a high tech as they have good
mechanical stress by drawing the fibers, low weight, low density and low cost
(Pickering, 2008).
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In Europe, the automotive industry is using an estimated 80,000 tons of
natural fibers a year to reinforce thermoplastic panels. They are of low cost, low
energy consumption, non abrasive nature, safety in handling, low density,
potentially higher volume fraction, superior specific properties. Bio fibers such as
hemp, jute, kenaf, sisal, and bamboo can potentially replace glass fiber to enforce
polymeric resins. Disadvantages of natural fibersinclude low resistance to moisture,
seasonal quality variations. These issues are being addressed in order to achieve
commercially viable bio fiber filled composites for automotive and other
demanding engineering applications (Pickering,2008).

2.4.2.1 Rice straw
A natural fiber that is environmentally controversial nowadays is rice straw.
Rice straw posed numerous environmental problems all over the world after the
paddy fields are harvested. The main reason is because of the burning of rice straw.
Rice straw is the by-product of rice once the grain and chaff have been removed. In
Egypt, the problem of effectively clearing up rice straw is significant. Most of the
rice straw end by being burnt through ‘open burning’ by the farmers. This has
resulted in several negative implications including the ‘black snow” phenomenon
that had caused major road accidents. New and innovative usage of rice straws will
greatly help in overcoming the environmental issues as an effective discharge of
these waste materials rice straw which is about 40 percent, and the burning of
500,000 tons of rice straw may return 200,000 tons of carbon into the atmosphere.
This carbon is fixed during the growing season by photosynthesis and there is little
net gain. If the straw is incorporated in the soil it increases methane emissions. This
is more damaging than the byproducts of burning. Methane is a special concern for
global warming, because each methane molecule has 20 times the heat capturing
potential of a carbon dioxide molecule. Even allowing for the lower level of
emissions, the net impact on global warming would be 10 times worse than the
effects of carbon dioxide from field burning (David 2008). Moreover smoke can
cause health and safety problems, including asthma, allergies, bronchitis, and
respiratory distress. Smoke can also contribute to highway accidents. In developed
countries, rice straw burning in the fall is spread over a period of weeks or months
and is regulated to discourage burning when meteorologicalconditions are likely to
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lead to smoke accumulation. Health risks are minor due to burning management,
but may be significant locally near burns. These risks include exposure to the
various gases and particles created by recombination of gases, ash and dust raised
from the soil surface. The obvious problems associated with rice smoke led to
restrictions on burning beginning in 1971 under provisions of the Health and Safety
Code, these were revised and made more flexible in the early 1980s(David 2008).
Rice straw has several applications including usage as reinforcement in
polymers, composting and animal fodder. 1-5% sodium hydroxide increased the
protein content to more than 8%. Ensiling rice straw with sodium hydroxide
decreased the crude fiber content relative to that in the untreated rice straw. The
feed intake of rice straw when fed alone was very poor but it increased significantly
with the addition of 5% molasses. Addition of urea and molasses enhanced feed
intake more than the addition of molasses (Nour 2010).A special treatment with an
acid or an alkali is needed when rice straw is used as reinforcement in order to
improve the properties of rice straw. This treatment is considered a physiochemical
treatment as a chemical is added to improve the physical properties of the fiber.
This treatment is done with 1% or 5 % concentration of phosphoric acid. The acid
has to be chosen carefully. The use of hydrochloric acid deteriorates the
mechanical properties of the fiber including poor interfacial interaction. This leads
to internal strains, porosity, environmental degradation, moisture absorption, de
bonding over time. The fiber treatment produces surface modification, improved
thermal stability of fiber, improved fiber – matrix adhesion allowing an efficient
stress transfer from matrix to the fibers. Moreover the tensile stress of composites
with treated fibers is raised to around 50%. This is due to the shrinkage process
during treatment of fiber that has an effect on the fiber structure (Elawar, 2009).
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CHAPTER 3
METHODPLOGY
3.1 Introduction
The current practice of disposing Polystyrene and fiber glass wastes and
burning of rice straw increased the rate of pollution rapidly. Moreover the rate of
depletion of earth natural resources is growing enormously. This led scientists to
think of efficient ways for waste utilization.
Recycling polystyrene waste and enhancing its properties through
reinforcement with synthetic or natural fibers is an optimum way to approach the
concept of zero pollution as well as conserving the natural resources (sustainable
development). The goal of this work is to develop an innovative simple technology
for recycling polystyrene waste through reinforcement with natural or synthetic
fibers. Thus we need to determine the best concentration % of fiber in the
composite and to investigate synthetic versus natural fiber reinforced polymers
using Polystyrene wastes. Two different categories of fibers were used, synthetic
fiber such as fiber glass and natural fiber such as rice straw.

3.2 Test Procedure
All sample materials of food ware Polystyrene and used fiberglass HVAC
duct insulation were obtained from different dumpsite. All manufacturing processes
and testing procedures were performed at The American University in Cairo’s
Environmental Management Labs and Mechanical Engineering workshops.
Pilot experimentation was used initially to gather information while varying
factors that might affect the results. Piloting creates an organized framework for
doing experiments and saves time, money, effort by providing valid results with
minimum number of experiments. It has two main tasks. The first is setting
efficient experimental design points with minimum number of runs. The second
task is analyzing the factors involved within the experiments and showing the most
important ones. A strategically planned and executed experiment provides
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information about the effect on a response variable due to several factors. To
perform an experimental design, first the factors are chosen, variables are chosen
and then performance of phase I & II experiments takes place. The interest in this
thesis is to obtain a reinforced polymer from Polystyrene wastes mixed with either
synthetic or natural fiber with the best possible physical and mechanical properties
using a simple, innovative and effective technology.

3.3 Pilot Experimentation
Pilot experiments are phase I experiments. It consists of running initial
experiments to get more experience and knowledge about the factors included and
determines the important ones to be investigated further and exclude the
unimportant ones. In this work, the initial experiments were conducted whether to
use natural or synthetic fibers and the suitable wt % of Polystyrene, fiber glass and
rice straw and to test the temperature factor. These experiments are the key which
gives guidelines for necessary manufacturing techniques. The first experimental
settings were built based on this stage: where literature review gave the way for a
manufacturing technology. Two methods of manufacturing were suggested:
injection molding method and extrusion and compression molding method. Then a
local market survey was conducted to check the availability of machines needed for
those two technologies. The pilot experiments were run in random patterns to
estimate the general behavior of factors. One concern was the humidity that was
found in natural fibers. It was concluded that the percentage of humidity in rice
straw was minimal.
There are several stages after the pilot experiments. Prerequisite stage
consisted of making assumptions to start the experiment. It was based on literature
review. In this case sequential modification of manufacturing a mold was done
leading to the final manufacturing technology which extrusion and compression
molding method. The drying treatment of natural fiber was decided upon according
to the testing results. Stage I main target was to check the effect of wt%.
40,50,60,70 % of polystyrene were initially tested. Higher percentages had positive
effects. Processing of fibers before mixing regarding drying of rice straw and
particle size after grinding were investigated. The more grinded the material and
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the smaller size of particles gave more homogenous samples to the extent of
discarding the extrusion process thus saving cost and power. As a result, the two
steps; heating and compression have proven efficiency and gave a feasible product.
Several temperatures were tested and 120 C proved to be adequate.
Stage 2, is the stage of performing the experiment. The changing factors
investigated; that are independent on each other are the wt% of components, type
of fiber is used. The product suffered inhomogeneous distribution in the final
product. Plastic and fiber were not distributed evenly and big size of fiber was
apparent. This problem was solved using another grinding stage for grinding rice
straw and used fiber glass sheets then mixing in a mixer. The process variables
were taken into consideration in this stage.
The furnace temperature, the press temperature and speed were controlled to
produce efficient results without burning, overheating or solidification.
Scanning Electron Microscope (SEM) analysis is used in the development
and application of engineering measurements and test methods to the determination
of materials and system behavior. The scanning electron microscope is an electron
microscope that images the sample surface by scanning it with a high-energy beam
of electrons. It uses electrons rather than light to form an image. The electrons
interact with the atoms that make up the sample producing signals that contain
information about the sample's surface topography, composition. It is also designed
for direct studying of the surfaces of solid objects. Several samples were subjected
to tensile loading up to fracture

3.4 Experiment Procedures
The process flow diagram for the proposed technology of recycling
polystyrene foam waste with natural fibers or synthetic fibers is shown in Fig. 14
The recycling process consists of 5 steps as follows:
Step 1: Grinding of raw material; used Polystyrene plates, rice straw / used
HVAC duct insulation (fiberglass)
Step 2: Mixing the grinded material by wt %
Step 3: Mixing of the components to create a homogenous mixture
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Step 4: Pressing extrudes using a hydraulic press at 1900 KPa and 120 C
Step 5: Cutting and trimming to produce testing samples according to ASTM
D7031-11 standards.

Polystyren
e waste

Grinding

Rice straw

Drying

Fiber glass
waste

Grinding

Grinding

Mixing
by wt %

Pressing using
hydraulic press
at 1900 KPa &

C

Mechanical
Properties
Testing

Cutting & trimming to
produce testing
samples according to
ASTM standards

Figure 14: Experimental Setup for Polystyrene Recycling Technology

The natural fiber is dried in a furnace at the Mechanical Engineering Lab at
AUC to assure that the moisture was totally eliminated. Both synthetic and natural
fiber are shredded then put in grinding machine on several stages to ensure getting
a powder form that enables homogeneity of samples. The fibers and polymer are
mixed using a mixer then the mix is fed into the single screw extruder shown in
Fig. 15.
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Figure 15: The extrusion machine

Processing was carried out using the extrusion machine manufactured at the
Mechanical Engineering Lab at AUC shown in figure (15). The process starts by
placing the mix of polymer and treated fiber in the hopper of the extrusion machine
as shown in figure (16). Temperatures were set at 120 C for the first heater and
150 C for the second heater in the extruder as shown in figure (17). The first
heater used to heat the mix to a desired temperature and properly melt it while the
second heater ensures the flow of melted plastic with the additives before extrusion
of the paste from the die. The heaters are insulated and covered with glass wool to
contain heat and minimize heat loss. The cooling section is located at the beginning
of the extruder with the water inlet and outlet to guarantee there is no melting in the
mixing or feeding chamber as shown in figure (18). The mix is placed slowly so as
not to clog up the rotating screw that allows input into the machine.
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Figure 16: Feeding the mixture in the hopper

Figure 17: The two heaters used to produce extrudates
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Figure 18: The cooling section

The paste is taken to a hydraulic press to be pressed as shown in figure
(19). A custom made steel die with specific dimensions is used to satisfy the
requirements of testing as shown in figure (20). Trimming and cutting processes
are done to make the product ready for testing in accordance with the requirements
of the testing standards mentioned in the mechanical testing section

Figure 19: The hydraulic press used
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Figure 20: The Mold Of Samples

20mm
mm
100mm
5mm

20mm
60mm

100mm

Figure 21: Samples Dimensions
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3.5 Mechanical Testing
There are several tests that can be selected for fiber reinforced composites.
Four main important areas of testing were performed: Tension, flexural,
compression and abrasion stress, as they are the ultimate range that the product can
sustain under severe usage conditions for the application of fiber plastic composites
as per ASTM standards D7031-11. In addition, they are of a major importance for
many international codes related to construction and mechanical applications.

3.5.1 Tensile stress
It is the maximum stress that a material can withstand while being stretched
or pulled before necking, when the specimen's cross-section starts to significantly
contract. It is found by performing a tensile test and recording the stress versus
strain; the highest point of the stress-strain curve is the ultimate tensile stress. It is
an intensive property; its value does not depend on the length of the test specimen.
It is dependent on other factors, including preparation of the specimen, the presence
of surface defects, and the temperature of the test environment and material.
The Instron machine used in the experimental procedure is 3300 Instron as
shown in figure (22). Instron is a testing machine having properties of performing
tensile, compression, flex, peel and cyclic type of testing. It is attached to an online
computer and via computer software all the required orders are taken. It is available
at the AUC Mechanical testing labs and was utilized to perform tensile, flexural,
and compression tests. The software utilized; Instron BLuehill Lite is designed to
run Instron’s Model 3300 Material Testing Systems. First the two edges of the
machine consist of the support span, where the grips are attached to the load ram
and the specimen was concentrated between the support edges. The machine is
turned on with the computer. The next step was to adjust the computer software
settings. The computer settings required three major set of data regarding the
specimen dimensions, feed rate control and output type. After adjusting the
computer, software settings, the machine was ordered to start the test and the ram
moved downwards applying the load. After the completion of the test, the ram
returns to its initial positioning and a new specimen was added. The output of the
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test consisted of a stress- strain diagram and a table containing the details of each
specimen.
Samples were cut using the Isomet cutting machine or a simple saw. Sample
dimensions were measured using a digital Vernier at 3 locations and an average
was taken. Tension samples (ASTM D7031-11) :
• Width = 20 mm
• Length = 100 mm
• Thickness = approx. 4.5 – 6.5 mm
• Grip = 20 mm
• Crosshead speed = 5 mm/min
Modulus of elasticity is also calculated, it is the mathematical description of
an object. It is the tendency of the substance to be deformed elastically when a
force is applied to it. Young's modulus (E) describes the tendency of an object to
deform along an axis when opposing forces are applied along that axis; it is defined
as the ratio of tensile stress to tensile strain.

Figure 22: Instron Universal testing machine with tension grips
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3.5.2 Flexural stress
The flexural test is done in several methods: 3 –point loading, 4-point load
or uniform load. In all cases, the specimen is supported with 2 edges and a load is
applied with a known feed rate. The difference between the methods is mainly
based on the number of load noses applied; that could be one or two, the distance
between these noses; the maximum bending moment. In the case of 3- point
loading, the specimen is loaded with one nose in the middle of the specimen
support span; the distance between the 2 support edges. Therefore the maximum
axial fiber stress is positioned directly under the loading nose. While in the 4-point
loading the maximum axial fiber stress is uniformly distributed between the
loading noses. The uniformly distributed loading is performed using one of the 3point or 4- point load. The uniform load is calculated using standard equations this
method is not commonly used due to its technical difficulties
Flexural stress is the material's ability to resist deformation under load. The
transverse bending test is most frequently employed, in which a rod specimen
having either a circular or rectangular cross-section is bent until fracture using a
three point flexural test technique as shown in Fig. 23. The flexural stress
represents the highest stress experienced within the material at its moment of
rupture. It is measured in terms of stress. The equation for a rectangular sample
under a load in a three-point bending:
σ = 3 FL / 2 b d2
where F is the load (force) at the fracture point , L is the length of the support
span,b is width ,d is thickness .
Bending samples (ASTM D7031 – 04) :
• Width = 20 mm
• Thickness = approx. 4.5 – 8.0 mm
• Span = 86 mm
• Crosshead speed = 2 mm/min
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Figure 23: The flexural fixture with 3 point bending

3.5.3 Compressive stress
The compressive strength is the capacity of the material to withstand loads
tending to reduce its size. The ultimate compressive strength of a material is that
value of uniaxial compressive stress reached when the material fails completely.
The same machine used for the tensile test is used to measure the compressive
stress of the samples.
Compression samples (ASTM D7031-11) :
• Width = 30 mm
• Length = 30 mm
• Thickness = approx. 10 mm
• Crosshead speed = 2 mm/min
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3.5.4 Abrasion wear
Test methods ASTM D2394 was used to measure wear properties of the fiber
reinforced composite. The test was conducted on the Abrasion tester at the Polymers
Lab AUC. Aluminum oxide was used as an abrading medium. The grit was applied
continuously to the rotating steel disk, which serves as a platform supporting the
specimen and rotates at a rate of 30 rpm. A load of 44 N was superimposed on the test
specimen. At the end of each 100 revolutions of the steel disk, the weight of the
sample is measured to determine decrease in weight, after brushing to remove any
dust or abrading material adhering to the surface of the specimen. The procedure is
repeated until the specimen has 500 revolutions of wear.
Abrasion samples (ASTM D7031 – 04) :
• Width = 50 mm
• Thickness = approx. 20 mm
• Legth = 50 mm
• Rotating speed = 30 rpm

Figure 24: Abrasion Machine
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3.5.5 Microscopy
Microscopic methods were used to study the morphology of the specimen
particles as well as the fractured surfaces of the prepared composites. Scanning
electron microscopy (SEM) was used to capture images of particle samples.
Scanning electron microscopy was used to study the microstructure of the fractured
surfaces of the composites.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Introduction
The Polystyrene, the synthetic fibers (fiber glass) and the natural fiber ( rice
straw) used in the experimentation are obtained from waste sites due to its
economical, technical and environmental advantages. The Polystyrene waste needs
to be grinded then mixed with the fiberglass waste or rice straw fibers. The mixture
is placed in the extruder to produce the desired paste. The paste is placed in a
manufactured die producing tensile, flexural, compression and abrasion samples
according to ASTM standards. The shape of different kinds of samples before and
after for both tensile and flexural tests are shown in figure (25) & (26).

Figure 25: Shape of the specimen before and after tensile test

Figure 26: Shape of the specimen before and after flexural test
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4.2 Effect of Temperature on Mechanical Properties
The effect of temperature on mechanical properties of synthetic and natural
fiber reinforced composites was investigated. . Three different temperatures were
examined, 80, 100, 120 C. Temperatures above 120 C started degrading the
fibers by melting and consequently will affect the properties of the composite.
Melting temperature of the matrix was observed to be at 130 C. Moreover,
temperatures less than 80 C resulted in non homogenous mixing .

4.2.1 Tensile Properties
Fig. 27 & Fig.28 displays the effect of processing temperature on the tensile
properties of synthetic and natural fiber composites. It is noticed that increasing
temperature increases the tensile strength.
It can be seen from Fig.27 that strength from 10 MPa at 80 C to reach 23
MPa at 120 C. Low strength at 80 C is attributed to a higher viscosity of the matrix,
which causes non-homogenous distribution ( i.e. poor dispersion) of the fibers during
processing. With poor dispersion, fibers will not effectively participate in stress
transfer. The highest strength at 120 C indicates a better interfacial bonding. Thus,
120 C is considered as the optimum mixing temperature.

Figure 27: Effect of Temp. on Tensile Strength of Polystyrene waste -Synthetic
fiber composites of different wt %.
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Figure 28: Effect of processing temperature on tensile properties of Polystyrene
waste -natural fiber composite

4.2.2 Flexural Properties
Fig. 29 & Fig. 30 displays the effect of processing temperature on the
flexural properties of synthetic and natural fiber composites. It is noticed that
increasing the temperature, increases the flexural strength for Polystyrene wastesynthetic fibers composite but in case of natural fibers, flexural strength increases
till 100 C then drops.
It can be seen from Fig. 29 that highest strength were recorded at 120 C in
case of synthetic fibers, while the best results for natural fibers occurred at 100 C
and degraded at high temperatures. Synthetic fibers bonded better at high
temperatures and caused homogenous distribution.
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Figure 29: Effect of processing temperature on flexural properties of Polystyrene
waste -synthetic fiber composite

Figure 30: Effect of processing temperature on flexural properties of Polystyrene
waste- natural fiber composite
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4.2.3 Compression Properties
Fig. 31 & Fig.32 displays the effect of processing temperature on the
compression properties of Polystyrene waste -synthetic and Polystyrene waste natural fiber composites. Both figures show higher strength at 100 C.

Figure 31: Effect of processing temperature on compression properties of
Polystyrene waste -synthetic fiber composite

Figure 32: Effect of processing temperature on compression properties of
Polystyrene waste-natural fiber composite
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4.3 Tensile Testing
Figure 33 shows the test results of tensile strength versus content of
Polystyrene-synthetic and natural fiber composite at 120 C. This temperature was
chosen as it showed the highest results in the previous section.
From this tensile test showed that the value of tensile strength for synthetic
fiber composite is increased when the fiber content increased for 20 wt.% to 30 %,
but it decreased for 40 wt. % and 50 wt. %. Tensile Modulus values followed the
same pattern increasing for 20 wt.% to 30 %, but it decreased for 40 wt. % and
On the other hand, the values of tensile strength of natural fiber composite
are decreased, while the fiber content is increased. Besides, the value of tensile
modulus is increased gradually when the fiber content increased.
The results showed some differences of the filler type formulation as
follows:
a. The Tensile strength value of the synthetic fiber is higher than the value for
natural fiber material by an average of 36% for formulations above 30 wt. %.
The tensile strength and elasticity of the synthetic fiber showed the highest
values 30 wt. % than the values for the rest of 3 formulations.
b. Better modulus results of the synthetic fibers are shown in Figure 34 compared
to the natural fiber composites. Through natural fiber variation, the result
showed that the increase in fiber content of natural fiber is significantly
approaching the values of the modulus of synthetic fibers.
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Figure 33: Effect of fiber content on Tensile Strength in Synthetic and Natural
Fiber Composites @ 120 C

Figure 34: Effect of fiber content on Tensile Modulus in Polystyrene wasteSynthetic / Natural Fiber Composites @ 120 C
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4.4 Flexural Testing
The variation of flexural strength with the variation of fibers content in
Polystyrene-synthetic and natural fiber composites is shown in Fig 35. The
temperature 120 C was chosen in case of synthetic fibers and 100 C in case of
natural fibers as they showed the highest results in Section 4.2.
The interfacial strength depends on the surface topology of the fibers,
because each fiber forms an individual interface with the matrix. It was observed
that 30 wt. % had a higher flexural strength than 20 % and 40 % in both synthetic
and natural fiber composites due to high fiber-matrix compatibility and good- fiber
matrix interaction. It is reasonable that the enhanced fiber-matrix interaction due to
high fiber-matrix compatibility at 30 % fabric content will lead to an increased
transfer of stress from matrix to fibers and thus flexural strength increases.
At 30 wt. % of synthetic fiber composites, value of the flexural strength was
found to be higher and optimum than the natural fibers. This could be attributed to
less impurities , fiber smaller size and less moisture sorption enabling mechanical
bonding and thereby improving matrix reinforcement interaction. The synthetic
fiber composite recorded 11 % increase in flexural strength at 30 wt. % than the
natural fiber.

Figure 35: Flexural Strength of Polystyrene waste-Synthetic / Natural Fiber
Composites with the variation of fibers content.
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4.5 Compression Testing
The variation of compressive strength with the variation of fiber content on
the polystyrene waste fiber reinforced composites was shown in Fig. 36. As per the
Section 4.2, 100 C showed the highest results.
The compressive strength values in the Polystyrene-synthetic fiber
composite are gradually increased when the fiber content is increased for 20 wt .%
to 40 wt. % but it decreased drastically for 50 %. As for the Polystyrene-natural
fiber composite, the compressive strength values are gradually increased when the
fiber content is increased.
The strength values of synthetic fibers samples are better than natural fibers.
For example, the synthetic fiber composite recorded 58 % increase in compressive
strength at 40 wt. % than the natural fiber composites.

Figure 36: Compressive Strength for Polystyrene waste-Synthetic/ Natural Fiber
Composites
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4.6 Scanning Electron Microscope Observations
SEM Examination on Tensile Fracture Surface
When the sample was stressed in the parallel force direction, the fractures
occurred with cracks running on the interfacial area and pulling out the fiber from
the matrix as shown in Fig.37.According to Fig 37 some of the fibers had pulled
out away from the matrix and a few had fractured. This is because when the sample
hit by the load head, less dissipation energy occurred is eventually resulting in
lower impact of strength.
The general aspect of the fracture surface of the natural fiber composite with
30 % filler content shows fibers sticking out of the matrix. Some fibers were pulled
out from the matrix by crack propagation through the surface due to relatively low
interfacial tension.
SEM micrographs for the two fractured surfaces of synthetic and natural
fiber composites at 30 % filler content are shown in Fig.37. and Fig.38.From
Fig.37, it was demonstrated that the interfacial bonding between the natural fiber
and the matrix is not good as indicated by the gap between them. This may be
attributed to the low adhesion between the fiber surfaces and the Polystyrene.
Hence, the tensile strength of this composite is low. Fig.38 of the synthetic fiber
shows improved adhesion with the Polystyrene. The interfacial bonding is much
better than the natural fiber composite. The 30 wt.% fiberglass sample
demonstrated the maximum tensile and flexural strength values because the best
interfacial bonding occurred in this composite.
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Figure 37: Fracture surface of tensile specimen 30 % rice straw

Figure 38: Fracture surface of a tensile specimen 30 % fiber glass
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4.6 Abrasion Test
Fig.39. shows the wear rate of Polystyrene waste-synthetic / natural fiber
composites . The wear rate values were found to decrease after the first 200
revolutions. This was because at higher number of revolutions, the embedded fiber
in the composite matrix tended to expose at the specimen surface, and subsequently
the specimen encountered the abrasive wear of better values. Polystyrene-Synthetic
fiber reinforced composite showed the best wear resistance as compared to natural
fibers. The explanation for the results could be substantiated by mechanical
properties of synthetic fibers.

Figure 39: Wear rate of Polystyrene waste-synthetic / natural fiber composites
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CHAPTER 5
CONCLUSIONS & RECOMMENDATIONS
5.1 Conclusions
A new technology was developed for recycling Polystyrene foam waste and
the mechanical properties of plastic composites using polystyrene foam waste
reinforced with synthetic fibers such as fiber glass waste, or natural fibers such as
rice straw have been investigated in this study. The obtained results indicated that
the mechanical properties of the polystyrene-synthetic fiber composites were
higher than the polystyrene- natural fiber reinforced composites. The best synthetic
fiber content was 30 wt.%. The tensile strength was increased by 102 % , the
flexural by 54 % , the compression strength by 19 % and abrasion wear better than
the properties of the polystyrene waste without reinforcement.
Effect of temperature:
It is noticed that increasing temperature, increases the tensile strength. The
tensile strength reached 23 MPa at 120 C compared to 10 MPa at 80 C.
Increasing the temperature, increases the flexural strength for Polystyrene
waste-synthetic fibers composite but in case of natural fibers, flexural strength
increases till 100 C then drops. Synthetic fibers bonded better at high temperatures
and caused homogenous distribution.
Best values for compressive strength were observed at 100 C.
Effect of fiber content and fiber type:
The tensile test showed that the value of tensile strength for polystyrenesynthetic fiber composite is increased when the fiber content increased for 20 wt.%
to 30 %, but it decreased for 40 wt. % and 50 wt. %. Tensile Modulus values
followed the same pattern increasing for 20 wt.% to 30 %, but it decreased for 40
wt. % and 50 wt. %.
On the other hand, the values of tensile strength of natural fiber composite
are decreased, while the fiber content is increased. Besides, the value of tensile
modulus is increased gradually when the fiber content increased.
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The flexural test showed that 30 wt. % had a higher flexural strength than
20 % and 40 % in both synthetic and natural fiber composites due to high fibermatrix compatibility and good- fiber matrix interaction. At 30 wt. % of synthetic
fiber composites, value of the flexural strength was found to be higher and better
than the natural fibers. The synthetic fiber composite recorded 11 % increase in
flexural strength at 30 wt. % than the natural fiber.
The compressive strength values in the Polystyrene-synthetic fiber
composite are gradually increased when the fiber content is increased for 20 wt .%
to 40 wt. % but it decreased drastically for 50 %. As for the Polystyrene-natural
fiber composite, the compressive strength values are gradually increased when the
fiber content is increased. The strength values of synthetic fibers samples are better
than natural fibers. For example, the synthetic fiber composite recorded 58 %
increase in compressive strength at 40 wt. % than the natural fiber composites.
Abrasion test showed that Polystyrene-Synthetic fiber reinforced composite
had the best wear resistance as compared to natural fibers.
Finally, the new recycling technology proposed in this study achieved its
objective of utilizing the polystyrene waste while enhancing its properties by
reinforcement with fibers. It developed a new product purely from waste and with
higher qualities that could replace natural wood in many applications such as picnic
tables, park benches and landscaping timbers.

5.2 Recommendations
The future study is required for composites made from recycled synthetic fibers
in order to improve the properties as well as to increase the potential of
applications. This is to correspond the potential of the composite materials made
with other major components of waste stream, such as low-density polyethylene
and mixed waste plastics.
 In this study fiber weight fraction of 20, 30, 40, and 50 % has been used.
This can be further increased to higher weight fraction of fiber using other
manufacturing methods.
 The current study is limited to tension, compression, flexural and abrasion
properties only. It can be extended to other tests like flammability and life
time tests.
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 In the current study different tests has been carried out on the polystyrenefiberglass/rice straw fiber composite. The same work could be extended to
other synthetic or natural fiber composite.
 In the abrasion test aluminum oxide only has been used. This work can be
further extended to other particle size and types of particle like sand or glass
bead etc, to study the effect of particle size and type of particles on wear
behavior of the composite.
 The economics of the technology must be studied including the
environmental benefits and carbon credits.
 Particle size of the material used should be considered as a parameter in
future studies.
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